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ABSTRACT 
 
Tierra Madre is a community of 47 straw bale homes and a 
community center located in Sunland Park, NM, northwest 
of El Paso, TX.  Tierra Madre represents an alternative 
model of resourceful energy-efficient construction. These 
homes are built in accordance with the concept of passive-
solar design and integrate both energy-efficient and 
affordability concepts for low-income people. Despite the 
passive-solar and energy-efficient design, a diverse number 
of problems were identified in the first homes constructed at 
Tierra Madre. These flaws were corrected in the 
construction of subsequent homes. Utility data were then 
collected to determine if the homes are energy-efficient. 
Based on the information obtained from household utility 
bills, Tierra Madre homes can be considered energy-
efficient homes. This paper will outline the steps taken 
towards the improvement of energy use and occupant 
comfort in Tierra Madre. 
 
1.  INTRODUCTION 
 
Tierra Madre is a housing development built under the 
guidance of a non-profit organization founded in 1995 to 
provide the opportunity for low-income people to build a 
sustainable community. The goal of this community is to 
have an affordable home with low utility costs that will help 
preserve the environment by applying several energy 
efficient strategies and making use of renewable energy. 
Strategies adopted in Tierra Madre include, passive solar 
heating, insulation using straw bale walls, solar water 
heating, evaporative cooling, and low air leakage control. 
Integration of all these strategies is intended to make these 
homes energy-efficient. Current and future residents of 
Tierra Madre participate in the construction of their homes. 
They are required to provide 60% of the homes’ labor 
including painting, roofing, tiling, putting up walls and 
more. The sole work not performed by residents is that 
prohibited by New Mexico law which includes plumbing, 
electric, foundation, heating, ventilation and air conditioning 
(1). 
 
The first homes constructed (Phase I), had significant design 
problems. Major energy efficiency problems were detected 
and addressed in the later homes (Phase II, III and IV). By 
incorporating proper planning and quality control during 
construction, project managers at Tierra Madre successfully 
reduced air leakage in the building envelope and duct 
system and improved efficiencies of insulation, windows, 
and air conditioning equipment. When feasible, Phase I 
homes were upgraded in order to eliminate the design flaws. 
However, some flaws could not be fixed. 
 
Although conceptually Tierra Madre homes were designed 
to be energy efficient, an energy consumption assessment 
was required to verify that the homes followed an energy 
efficient profile. This study conducted such an evaluation by 
making use of utility bills data and monitoring of appliances 
to understand the energy consumption profile of each house. 
In addition, BuilderGuide software was used to estimate 
annual heat loss, annual auxiliary heat required, and annual 
auxiliary cooling required using the design parameters of 
Phase I and Phase II homes. Based on the data obtained 
from utility bills and the concerns expressed by residents, 
several options for improving energy-efficiency and comfort 
were determined for each home depending on their specific 
needs. 
 
2.  DESIGN CONCEPTS 
 
A passive solar building is climate responsive, as shown in 
Figures 1 and 2. Thus it is designed to take advantage of 
regional conditions, such as climate, as well as the 
building’s location, admitting daylight, heat, and airflow 
(2). In this design, the living area is a solar collector, heat 
storage, and distribution system. In the winter, the sun’s 
rays hit this region at an angle of close to 39° at noon on 
mid-November. If window overhang design is done 
correctly, then the south-facing windows are exposed to full 
sunshine.  Floors and walls heat up during the day and 
gradually release heat at night, when heat is most needed. 
 
Fig. 1: Passive solar gain to a house 
Courtesy: Consumer Energy Center, California Energy 
Commission 
 
2.1 Passive Solar Design 
 
A set of guidelines must be followed for a passive solar 
home (also known as a sun-tempered home) to work 
properly. These guidelines have been adopted from research 
on past design successes and failures (3). If these strategies 
are followed, then a sun-tempered home will offer residents 
a comfortable place to live while lowering their energy use 
and thus their utility bills. Orientation of a home plays a 
major role when designing a passive solar home. The south 
side of the home must be oriented within 30 degrees of true 
south. Recommended exposure of a south-facing window in 
El Paso, TX is as follows: when the sun is at 39 degrees the 
window should receive full sun, while at 76 degrees the 
window should be completely shaded (2) as illustrated in 
Fig. 2.  
 
 
 
 
Fig. 2: Direct gain from solar energy and summer sun 
blocked by overhangs. Adapted from: www.nesea.org/ 
buildings/ passive.html 
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Overhangs are only effective on south-facing windows 
because the low sun angles can still get under an overhang 
in the morning or in the evening on an east or west-facing 
window. They must be carefully designed, because sunlight 
may pass through the south-facing windows during summer, 
when sun is not desired, or overhangs can block sunlight 
during winter or spring, when full sunlight is desired to heat 
the house. Thus overheating may occur during summer if 
they are not properly sized.  
 
The Sustainable Buildings Industry Council (SBIC) 
suggests the following amounts of non-south glass: north 
4%, east 4%, and west 2% of the total floor area. Based on 
standard guidelines for sun-tempered homes, the net amount 
of glass on the south wall should be no more than 7% of the 
home’s total floor area.  If more window area is added, 
additional thermal mass will be needed to avoid overheating 
on clear winter days (3).  
 
2.2 Straw Bale Walls 
 
Having suitable insulation on walls and ceilings is another 
important strategy. Increasing the level of insulation 
minimizes the loss of heat energy from the house to the 
exterior and therefore, reduces the size of the required 
heating and cooling equipment. Straw has been used in 
construction for thousands of years (4).  Straw is the dry 
plant material or stalk left in the field after a plant has 
matured, been harvested for seed, and is no longer alive. 
Straw-bale walls consist of baled straw from wheat, oats, 
barley, rye, rice and other plants, covered by stucco.  
 
Straw bale covered with concrete mortar/stucco or earthen 
plaster has a reported insulation value ranging from R-30 to 
as high as R-45 for an 18-inch wide bale (5).  A recent study 
reported that the thermal performance of a wall built with 19 
inch straw bales laid flat has an R-value of 27.5. This rather 
high R-value confirms that straw bale construction can 
contribute to decreasing heating and cooling energy usages.  
 
2.3 Windows  
 
Windows are usually areas of significant energy loss. In 
many homes, windows often account for only 5% to 10% of 
the total surface area exposed to outside temperatures, but 
account for as much as 30% of the heat loss (6). Single 
paned windows with metal frames have poor insulation 
capabilities and perform inadequately in keeping the heat in 
or out of a home. Another source of energy loss is air 
leakage that occurs next to the edges of doors and windows, 
or between their frames and the wall (6).  
 
Window size, orientation, glazing treatment, shading and 
internal coverings can have a significant impact on energy 
efficiency and comfort. The proper design of south-facing 
windows for maximum solar access during winter can 
reduce heating bills by up to 25%.  Internal window 
coverings and double glazing can reduce winter heat losses 
by around 40%. In addition, external shading can block up 
to 80% of summer heat gain through windows (7).  
 
Low-emissivity (low-e) glass coatings can prevent 
unwanted heat loss and heat gain.  Low E2 windows have 
both lower Solar Heat Gain Coefficients and lower U-
Factors.  Visible light transmission is not significantly 
affected.  In winter, low-e glass coatings work by letting 
sunlight pass through the window, but not allowing infrared 
radiation to pass back through the glass.  In summer, 
windows with a low Solar Heat Gain Coefficient (SHGC) 
prevent unwanted heat gain through spectral selectivity and 
reducing heat transmission through re-radiation from 
outdoors.   
 
2.4 Air Leakage 
 
Air leakage control of the house envelope is an essential 
requirement in energy efficient homes.  Sealing the house 
carefully will reduce air infiltration. Excess air leakage in 
homes can increase heating and cooling bills by 30%. Most 
buildings leak air around windows and doors and through 
construction gaps. However, the biggest holes are usually 
hidden from view and connect the house to the attic, crawl 
space, or basement. Reducing air leakage typically costs 
very little for an average home.  
 
2.5 Energy Use and Appliances 
 
Household appliances account for a large portion of 
residential energy consumption. Having a cheap, inefficient 
appliance will waste a significant amount of money for 
families in years to come. Substantial energy savings can be 
achieved by installing energy-efficient appliances in new 
homes. Refrigerators use the most energy of any household 
appliance. The average refrigerator in use today consumes 
over 1,300 kilowatt-hours (kWh) of electricity per year. 
National Appliance Energy Conservation Act compliant 
refrigerators use about 700 kWh per year, and high 
efficiency models are available that use less than 300 kWh 
per year. Energy efficient refrigerators can save up to 40% 
of the energy consumed by standard models, and perhaps 
even more when replacing old units.   
 
3.  METHODOLOGY 
 
One year’s utility bills for electricity, liquid propane (LP) 
gas and water were collected from Tierra Madre residents.  
The information obtained in these bills and surveys was 
analyzed in order to set priorities and make decisions. In 
addition, refrigerators were monitored for a period of one 
week to estimate energy usage. Refrigerator monitoring was 
achieved with the use of a cumulative kilowatt hour 
monitoring device, the Kill-A-Watt Model P4400 (KAW).  
Once the kWh from each refrigerator was collected, the 
Refrigerator Replacement Analysis Tool Computer Program 
(RRAT) developed by D&R International, Ltd., for the 
Department of Energy was used to assess whether the 
refrigerator should be replaced. Results of refrigerator 
monitoring in kWh and minutes were entered into the 
program. Electricity price, economic life, and discount rate 
used were edited to calculate the Savings-to-Investment 
Ratio (SIR) of the proposed refrigerator replacement.  The 
SIR is the ratio of the savings expected from a conservation 
measure over its lifetime (discounted to the present time) to 
the investment necessary to implement the measure. The 
program RRAT estimates the Annual Energy Savings, 
Annual Dollar Savings and SIR.  
 
Surveys were carried out among Tierra Madre residents to 
collect information regarding comfort, appliances, and 
lifestyle. The survey results indicated that residents had 
concerns regarding uncomfortably high temperatures during 
summer time. In response to this issue, the temperature of 
those homes was monitored for a period of four days. This 
was carried out by placing a HOBO Temperature logger, in 
two homes. Sensors were placed in locations of the house 
where the residents perceived the most discomfort.  Data 
recorded by the HOBO logger helped reach a decision on 
whether upgrades were needed to satisfy human comfort.  
 
BuilderGuide software was used in this study to calculate 
annual heating and cooling loads of the already constructed 
homes. The results from Phase I and Phase II homes were 
compared to determine if the changes made had a positive 
impact on energy cooling and heating loads. 
 
4.  RESULTS AND DISCUSSION 
 
Several problems were identified in Tierra Madre dealing 
with overhang design. Windows were misplaced in three out 
of seven homes from Phase I. In two of those homes the 
windows were placed at a higher position and thus, during 
winter, do not receive full sunlight. In the other home, 
smaller windows were placed on the south-facing wall. Fig. 
3 shows a home with misplaced windows and incorrect 
overhang length. 
 
 
Fig. 3: Incorrect position of windows and overhang length 
 
Fig. 4 presents a home with a correct window position and 
overhang design. Both pictures were taken on March 31, 
2004 at 1:21 pm and 1:22 pm respectively. It can be seen 
that the south windows from the home in Fig. 3 are entirely 
shaded by the overhangs, whereas the home in Figure 4 has 
still some sunlight getting into the house. At this time of the 
year, a good overhang design for this location should allow 
sunlight to enter the home. 
 
 
Fig 4: Correct position of windows and overhang length 
 
Walls where straw-bale was not required (bathroom walls) 
were insufficiently insulated in all Phase I homes. Windows 
installed in Phase I had aluminum frame and a higher SHGC 
than the later phases. All homes from Phase I had three 
skylights one in each bathroom and one in the kitchen as 
seen in Figures 3 and 4.  Skylights lose more heat than a 
standard roof and window, thus more energy is required to 
compensate for heat loss.  Other factors affecting energy 
efficiency of Phase I homes are, clear/clear windows were 
installed in all sides of the home and the heating and air 
conditioning ducts were placed in the attic and not properly 
sealed. In addition, the diameter of the air ducts and the 
evaporative cooler motor were not properly sized given the 
dimensions of the house, thus making the home difficult to 
cool down during hot summer days.  
 
Table 1 presents average energy losses and energy loads 
estimates obtained from BuilderGuide based on the design 
of each house, house orientation, amount of net window 
areas, types of windows used, roof color, overhang distance, 
and skylights (if installed) for each of the three phases 
constructed. 
 
TABLE 1 AVERAGE HEAT LOSS, AUX. HEAT AND 
COOLING REQUIRED 
 
Annual 
Heat Loss
Annual Aux. 
Heat Required 
Annual Aux. 
Cooling RequiredHouse Phase 
BTU’s 
/yr- ft2 
BTU’s 
/yr- ft2 
BTUs 
/yr- ft2 
I (7 homes) 14,351 8,559 7,808 
II (5 homes) 11,144 6,420 5,510 
III (2 homes) 11,172 6,256 5,751 
From Table 1, modeled annual heat loss, auxiliary heating 
and cooling required were lower for the Phase II and III 
homes than for the Phase I homes. This outcome indicates 
that changes made in the newer homes had a positive effect 
on the overall energy performance of the house. 
 
Energy-efficient improvements were implemented in 
September 2003.  Old refrigerators were replaced by new 
Energy Star refrigerators. Window screens were also 
installed in selected residences as scheduled. Other upgrades 
were partially fulfilled or in the process of being installed. 
Table 2 summarizes the upgrades made. 
 
TABLE 2 TIERRA MADRE HOMES UPGRADES  
 
Upgrade Planned/Installed 
Half solar screen on south side of house 16/16 
Solar screens on east and west sides of home 7/7 
New 1/2 horsepower 2-speed cooler motor and  
cooler pads 12/12 
A clean machine evacuation pump 16/16 
A 3/4” PVC cooler drain line to the edge of roof 16/16 
New 18.2 cu. ft. energy efficient refrigerator 4/4 
Supply of 5 replacement CFL bulbs 0/16 
 
4.1 Electricity Use 
 
The monthly average electricity consumption for Tierra 
Madre homes was compared to that of El Paso, TX and 
Sunland Park, NM homes for a period of one year within the 
same period of time. The average monthly consumption for 
Tierra Madre residents is substantially lower (46%) than the 
average consumption in El Paso. However, different 
variables need to be considered when comparing El Paso 
homes to Tierra Madre homes. El Paso is a large city with a 
wide distribution of incomes and housing types. Monthly 
average consumption in Sunland Park is also higher (32%) 
than Tierra Madre homes. Data from Sunland Park is more 
related to Tierra Madre since Sunland Park residents’ 
income, homes square footage, number of homes and 
electricity cost are more comparable to those of Tierra 
Madre.   
 
Five out of sixteen monitored refrigerators were found to be 
high energy consumers.  In 4 out of 16 homes, refrigerators 
consumed more than 40 percent of the total electricity used 
in one year. Replacement of these inefficient refrigerators 
was proposed to decrease electrical energy usage. Four 
refrigerators were replaced and the replacement refrigerators 
were monitored to estimate their annual energy 
consumption. The cost of each refrigerator replacement was 
$444. Table 3 presents the results obtained using RRAT 
program to estimate annual cost and energy consumption for 
the four refrigerators replaced.  
 
TABLE 3 ANNUAL REFRIGERATOR ENERGY 
CONSUMPTION AND COSTS  
 
Old Refrigerator New Refrigerator 
House Est. 
kWh/yr 
Est. 
Annual 
Cost 
Est. 
kWh/yr 
Est. 
Annual 
Cost 
Annual 
Est. 
Savings 
1 1,687 $202 523 $63 $140 
8 1,157 $139 646 $78 $61 
11 1,219 $146 551 $66 $80 
13 2,316 $278 398 $48 $230 
 
4.2 Gas Use 
 
The annual average consumption for Tierra Madre homes 
was compared to that of El Paso, TX homes for a period of 
one year. LP gas and natural gas usage is presented on an 
annual basis.  Tierra Madre residents purchase LP gas 
periodically because there are no natural gas lines available.  
The household annual LP Gas consumption in Tierra Madre 
is approximately 20 million BTU’s whereas average El Paso 
natural gas consumption is roughly 58 million BTU’s.   
Tierra Madre gas consumption is about 1/3 the average gas 
consumption of El Paso residents in energy terms, but the 
cost of LP gas is roughly 3 times as high as that of Natural 
Gas, resulting in Tierra Madre residents paying as much as 
an average resident in El Paso. However, if Tierra Madre 
residents where to use natural gas, the average annual bill 
could potentially drop from $348 to $115 per year. 
 
4.3 Water Use 
 
Monthly average water consumption for Tierra Madre 
homes was compared to the average home and new home in 
El Paso. The El Paso Times reports that “The average El 
Paso home used 12,716 gallons per month last year, 
according to El Paso Water Utilities. The average new home 
used 8,976 gallons per month,” (9) a 30% reduction in water 
used in a new home. This reduction in water consumption is 
due to the newer, more efficient toilets, showers, and faucets 
installed in new homes. Average monthly consumption for 
Tierra Madre residents is roughly 6,000-8,000 gallons per 
household in the winter and 8,000-10,000 gallons per 
household during the summer.  This is lower than the 
average consumption in El Paso, and comparable with new 
construction in El Paso.  Tierra Madre’s water use is much 
lower than El Paso’s during the June through September 
period, because the natural landscaping of Tierra Madre 
does not require outside water use.  
 
4.4 Comparison of average home vs. energy-efficient home 
 
Energy-efficient homes save residents money and help 
protect the environment by reducing greenhouse gas 
emissions. According to Department of Energy, the average 
household in the U.S. spends about $1,300 each year on 
home energy. The energy costs of an average home and an 
energy-efficient home in El Paso, TX are $1780 and $1003 
respectively based on information provided by the Home 
Energy Saver program, created by the Environmental 
Energy Technologies Division at the Lawrence Berkeley 
National Laboratory. Values are only for energy use and do 
not include water utility cost. The total annual average costs 
for Phase I and Phase II houses are shown in Table 4. 
Although the annual energy cost of Tierra Madre homes is 
for the period before the upgrades were installed, it can be 
seen that average energy cost in Phase I and Phase II homes 
is below the estimated cost of an energy-efficient home in 
El Paso, TX. 
 
TABLE 4 ANNUAL UTILITY COSTS FOR PHASE I & II 
 
Phase Total Energy Cost  
Water 
Cost 
Total Annual   
Cost  
I $899 $370 $1,269 
II $674 $282 $956 
 
With respect to annual energy cost, on average Phase I 
homes have the greatest energy cost. In Phase II homes, two 
homes have high annual energy consumption. Both of these 
homes were among the homes with high energy 
consumption refrigerators. In fact, those refrigerators were 
estimated to use 54% of the total electricity consumed. 
 
4.5 Survey results after home upgrades 
 
When residents were asked if the utility bills were reduced 
after upgrades were made, 73% reported that they perceived 
a reduction in their utilities cost. 100% of the residents felt 
that window screens helped reduce solar heat gain coming 
from the windows. Also, 75% of the residents where a new 
refrigerator was installed confirmed that their electricity bill 
was reduced.  Evaporative cooler motor replacement was 
also considered to help keep the house cooler by 82% of the 
residents who received a new cooler motor replacement. All 
of the residents felt 100% satisfied when asked about the 
overall feeling about their home with regards to inside 
temperature, home comfort, utilities cost, location, and the 
community overall. 
 
4.6 Statistical Analysis 
 
The improvements in energy efficiency between Phase 1 
and subsequent phases appear dramatic (Table 1 and Table 
4) but are based on small sample sizes.  To assess whether 
these differences are due to random variation or systematic 
improvement over time, a two-sample t-test assuming 
unequal variances was performed for electricity and heat 
loss to compare Phase I and Phase II homes. For the 
electricity data, the null hypothesis (H0) and alternative 
hypothesis (Ha) were set as follows: 
Ho: µ1 = µ2; the average electrical consumption for the two 
phases is the same 
Ha: µ1 ≠ µ2; the average electrical consumption for the two 
phases is different 
where µ1 and µ2  are the electricity means for Phase I and 
Phase II respectively, N is the sample size, df is degrees of 
freedom, ts is the t-statistic and tc is the critical value of t. 
From the t-test results it was found that ts < tc. Therefore the 
null hypothesis can not be rejected. Given the small sample 
size the large improvement observed in electrical energy 
efficiency from Phase I to Phase II may simply be due to 
random fluctuations in energy use among households.  
 
In the two-sample t-test of means for modeled heat loss 
(Table 1) in Phase I and II, it was found that ts > tc therefore 
the null hypothesis (µ1 = µ2) is rejected, and the alternative 
hypothesis (µ1 ≠ µ2) is established. This outcome shows that 
Phase I homes are different from Phase II homes with 
regards to heat loss estimated by BuilderGuide.  
 
5.  CONCLUSIONS 
 
Based on the results of this study, the following conclusions 
were drawn: 
 Energy consumption information from household utility 
bills indicates that Tierra Madre homes can be considered 
energy-efficient. 
 Statistical analyses show that the modeled heat loss in 
Phase I homes is greater than in Phase II homes. 
Measured electrical consumption appears to be lower in 
Phase II homes, but the observed differences in electricity 
consumption are not statistically significant given the 
small sample size. 
 Guidelines for passive solar design must be followed in 
order to obtain the best performance from a sun-tempered 
home. Tierra Madre homes have improved their energy 
performance because design guidelines are being 
followed more closely in newer homes.  
 In 4 out of 10 homes, refrigerators consumed more than 
40 percent of the total electricity used in one year. Two 
out of those four refrigerators consumed over 50% of the 
total electricity. 
 Refrigerator replacement helped reduced energy use in all 
four homes which received new refrigerators.   
 Based on the surveys obtained from Tierra Madre 
residents, the installation of window screens helped 
reduce unwanted heat from the windows during summer 
months. 
 New, properly sized evaporative cooler motors provided 
more air flow and residents indicated improved comfort. 
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